The local microenvironment plays an important role in maintaining the dynamics of the extracellular matrix and the cellextracellular matrix relationship. The extracellular matrix is a complex network of macromolecules with distinct mechanical and biochemical characteristics. Disruptions in extracellular matrix homeostasis are associated with the onset of cancer. The extracellular matrix becomes highly disorganized, and the cell-matrix relationship changes, resulting in altered cell-signaling processes and metastasis. Medulloblastoma is one of the most common malignant pediatric brain tumors in the United States. In order to gain a better understanding of the interplay between cell-extracellular matrix interactions and cell-migratory responses in tumors, eight different matrix macromolecule formulations were investigated using a medulloblastoma-derived cell line: poly-D-lysine, matrigel, laminin, collagen 1, fibronectin, a 10% blend of laminin-collagen 1, a 20% blend of laminin-collagen 1, and a cellulose-derived hydrogel, carboxymethylcellulose. Over time, the average changes in cell morphology were quantified in 2D and 3D, as was migration in the presence and absence of the chemoattractant, epidermal growth factor. Data revealed that carboxymethylcellulose allowed for a cell-extracellular matrix relationship typically believed to be present in tumors, with cells exhibiting a rounded, amoeboid morphology consistent with chemotactic migration, while the other matrices promoted an elongated cell shape as well as both haptotactic and chemotactic motile processes. Therefore, carboxymethylcellulose hydrogels may serve as effective platforms for investigating central nervous system-derived tumor-cell migration in response to soluble factors.
Introduction
The matrix microenvironment plays a critical role in cell migration, as cells are well known to interact with the proteins of the surrounding extracellular matrix (ECM) to achieve locomotion (reviewed in Berrier and Yamada, 1 Lu et al., 2 and Zaman et al. 3 ). The ECM chosen for cancer study is particularly important because the ECM of the tumor environment is known to have lower protein density, 1 higher matrix stiffness, 1, 2, 4 increased hydrophobicity, 5 and increased cytokine and growth factor concentrations than physiological ECM, primarily as a result of tumor hypervascularity. 2, [6] [7] [8] Furthermore, cell-ECM dynamics change during tumor progression, as the surrounding matrix now facilitates cellular de-differentiation and becomes more porous and ''leaky'' 9, 10 to enable metastasis, immunecell infiltration, and cancer-cell progression. 11, 12 Such ECM changes are particularly acute in tumors of the central nervous system (CNS), as ECM within brain varies greatly across anatomical regions 13 between healthy and injured brain and amid CNS tissue with different types and grades of neural tumors (reviewed in Richard et al. 14 ) . As a result, the migration of cells derived from CNS tumors has been extensively studied in both 2D 1, 3, 15 and 3D ECM models [16] [17] [18] using constituent proteins of ECM found inside and outside of the CNS. These include collagen type I (C-1), 1, 15, 19 fibrin, 3, 8 fibronectin (FN), 1,3 laminin (LN), 20, 21 matrigel (MGL), hyaluronan, chitosan, 8 and numerous blends thereof. In addition, several researchers have explored a variety of synthetic and natural materials as ECM substitutes for clinical and surgical use [22] [23] [24] [25] [26] [27] within the CNS, such as polyacrylamide, 28 poly(ethylene glycol), poly(N-isopropylacrylamide), poly-L-lysine, methylcellulose, poly(lactic acid), and pluronic F127 (an ABA block copolymer made up of poly(propylene oxide) and poly(ethylene oxide)). 8 These hydrogels have been shown to provide several advantages in cancer treatment because they are minimally invasive, 29 highly localized, and can reduce cell aggregation. 8 As the ECM of the CNS is well known to change properties during tumorigenesis 2, 11, 12, 21, 30 and dissemination, 14, [31] [32] [33] the goal of this study is to identify an ECM material with minimal cell-integrin interactions so as to enable more controlled study of migration patterns and motility of brain cancer cells to chemical microenvironments (i.e. controlled chemotaxis 1, 14, 34, 35 ). This is of high significance because anti-migratory pharmaceuticals are not currently investigated as potential chemotherapies for CNS patients since pharmacologically induced chemotaxis is particularly affected by ECM-dependent cellular responses in the brain. 36, 37 In this work, we examine carboxymethylcellulose (CMC) as a so-called haptotaxis-neutral biomaterial to function as an ECM macromolecule for CNS tumor-cell chemotaxis. CMC is a biocompatible, cellulose-derived hydrogel composed of a polysaccharide backbone with periodic side chains of carboxymethyl groups. CMC has recently been shown to support nucleus pulposus-cell viability and phenotypic matrix deposition and to promote mesenchymal stem-cell chondrogenesis and functional matrix assembly in vitro. 38, 39 Here, the effect of CMC on the morphology and migration of CNS-derived tumor cells was compared with eight ECM macromolecules. Specifically, this study investigated tumor-cell responses within (i) MGL, a commercial matrix material most commonly used to mimic brain; (ii) poly-Dlysine (PDL), the polymer used to coat tissue-culture substrates; (iii) collagen-1 (C-1), the major fibrous protein in mammalian ECM; (iv) laminin (LN), a primary protein found in the brain; (v) FN, a principal component of brain tumor ECM not readily present in healthy CNS; (vi) a blend of C-1 and 10% LN (CL10) (v/v) newly used for in vitro motility experiments of neurons; 8 (vii) a blend of C-1 and 20% LN (CL20) (v/v); and (viii) CMC, a plant-derived polysaccharide previously unused in CNS research. The results illustrate that the cells were indeed able to migrate within the CMC and survive for up to 6 days. Furthermore, CMC induced integrin expression in a pattern similar to that seen with CNS cells upon LN. This study is among the first to identify the CMC hydrogel as a novel biomaterial for testing of anti-migratory therapeutics for tumors of the CNS.
Materials and methods

Cell culture
Medulloblastoma (MB)-derived Daoy-cell line (ATCC cat no. HTB-186, Manassas, VA) was established from a tumor biopsy of a 4-year-old boy. Daoy cells were thawed, plated, and cultured in sterile Eagle minimum essential medium (EMEM) containing 9% fetal bovine serum ((Mediatech Inc., Manassas, VA), 2% L-glutamine (Mediatech Inc.), and 1% penicillin-streptomycin (Mediatech Inc.) as done previously in our laboratory. 40 Cells were cultured (37 C, 95% humidity, 5% CO 2 ) and passaged (<70% confluency) on sterile plasma-treated polystyrene tissue-culture flasks (BD Biosciences, Franklin Lakes, NJ) until further use.
Preparation of 2D and 3D substrates for cell culture
Solutions for 2D substrates were prepared as follows: PDL (Sigma-Aldrich, St, Louis, MO) solution was prepared in sterile phosphate-buffered saline (1 Â PBS) at 100 mg/mL final concentration, added to two-well Nunc Lab-Tek II chamber slides (Thermo Fisher Scientific, Waltham, MA) to coat overnight at room temperature, washed with PBS (Sigma), and dried. FN (Sigma) was diluted in PBS to 0.005% (v/v) concentration and coated on two-well slides as described above. Growth factor-reduced MGL (BD Biosciences cat # 356230) was thawed at 4 C overnight and reconstituted at 100 mg/mL final concentration in sterile ice-cold PBS. Two-chamber slides were coated with this solution for 1 h at room temperature and immediately seeded with cells. C-1 solution (rat tail-derived, 8.61 mg/mL; BD Biosciences cat no. 354249, Bedford, MA) was prepared to a final concentration of 50 mg/mL (pH 7.4). C-1 was added to two-well slides, incubated at 37 C for 1 h, washed with PBS, and stored at 4 C. Similarly, slides were coated with collagen-LN (10% or 20%, v/v) solutions, prepared by combining C-1 solution (50 mg/mL) with LN (BD Biosciences, cat no. 354239, 1 mg/mL), so that the final mixture contained either 10% or 20% (v/v) LN (CL10 or CL20, respectively). Daoy cells were seeded on these substrates at a density of 1 Â 10 4 cells/well (n ¼ 3 wells/case) and cultured for 3 days in EMEM medium. Controls (CTRL) consisted of Daoy cells seeded onto uncoated tissueculture polystyrene.
Five different types of 3D hydrogel solutions were prepared. C-1 solution was reconstituted at 2 mg/mL (pH $7.4) final concentration as detailed above. MGL was reconstituted in ice-cold PBS at 2 mg/mL concentration. CL10 and CL20 gels were prepared by mixing 2 mg/mL C-1 solution with 1 mg/mL LN, so that the final concentration of LN was either 10% or 20% (v/v). All the above solutions were maintained on ice until cell seeding. Daoy cells mixed in these solutions at a final concentration of 1:30 (cell:gel ratio) were seeded within two-chamber slides and allowed to polymerize at 37 C for 30 min in humidified chambers. EMEM medium was added to these chamber slides, and cultures maintained for 3 days with media changed after every 24 h.
Methacrylated CMC was synthesized through esterification of hydroxyl groups based on previous protocols. 49, 50 Briefly, a 20-fold excess of methacrylic anhydride (Sigma, St. Louis, MO) was reacted with a 1 wt% solution of 250-kDa CMC (Sigma) in RNAse/ DNAse-free water over 24 h at 4 C at a pH of 8.0. The methacrylated CMC solution was purified via dialysis for 96 h against RNAse/DNAse-free water to remove excess, unreacted methacrylic anhydride.
The purified methacrylated CMC was recovered by lyophilization and stored at -20 C. The degree of methacrylation (7.7%) was confirmed by 1 H-NMR. Lyophilized methacrylated CMC was sterilized by a germicidal UV light exposure for 30 min before dissolving it in filter-sterilized 0.05% photoinitiator, 2-methyl-1-[4-(hydroxyethoxy)phenyl]-2-methyl-1-propanone (Irgacure 2959, I2959; Ciba Specialty Chemicals, Basel, Switzerland), in sterile Dulbecco's PBS (DPBS) at 4 C to obtain a 2% (w/v) solution. The solution was gelled between two glass slides exposed to long-wave UV light (EIKO, Shawnee, KS; peak 368 nm, 1.2 W) for 10 min to produce covalently crosslinked hydrogel films. An 8-mm diameter stainless steel punch was used to obtain thin hydrogel discs with a thickness of $550 mm.
Cell-morphology imaging and analysis
A Nikon TE2000 epi-fluorescence, inverted microscope equipped with short-and long-range objectives and a cooled CCD camera (CoolSNAP EZ, Photometrics, Tucson, AZ) was used for imaging cells. Images were obtained in both phase-contrast and fluorescence modes (for stained cultures, n ¼ 5) to verify the cell attachment and unchanged morphology for up to 7 days. However, only data for 3 days were shown in order to provide quantitative metrics for the fluorescence dye (CellTracker TM ). Images were analyzed using the National Institutes of Health (NIH) ImageJ software. The projected area (A) and perimeter (P) for each cell were measured under the defined culture conditions, and the average cell morphology was analyzed using the cell shape index (CSI ¼ 4A/P 2 ), as reported previously by our group and others. 41, 42 The cell count varied between 15 and 50 cells for each culture condition to determine the respective CSI.
Transwell assay for cell migration
Transwells of 8 -mm pore size (polycarbonate membranes, 10 -mm thickness, tissue-culture treated; VWR, cat no. 62406-198) were used to measure cell migration through 3D matrix molecules. Thirty microliters of each gel was loaded into the inserts (n ¼ 6/case) and allowed to polymerize (37 C, 30 min, 95% humidity). The final gel thickness in each well was $0.38 mm. The inserts were placed within individual wells in a 24-well plate and 20 mL of Daoy-cell solution (1 Â 10 4 cells/ mL). Complete medium was added to the wells as well as the inserts to prevent gels from drying and incubated at 37 C with 5% CO 2 for 48 h. Cell migration across the gel and transwell was measured at two different time points of t 1 ¼ 24 h and t 2 ¼ 48 h (n ¼ 3 wells/ time point). Excess medium was aspirated, and the nonmotile cells were removed from the upper surface of the membrane by quickly cleaning the hydrogel surface. Inserts were then rinsed in sterile PBS and stained using the Diff-Quik staining kit (Allegiance) as per the recommended protocols. Cell counting was performed via hemocytometer as done previously in our laboratory 43 by measuring cells within images of the membrane obtained at low magnification using a Nikon TE2000 inverted microscope.
MTT cell-proliferation assay
The Vybrant MTT Cell Proliferation Assay Kit (Invitrogen Molecular Probes, cat no. V-13154, Eugene, OR) was used to determine the cell viability. The MTT kit reagents were prepared according to the provided protocol. CMC hydrogels were prepared and placed in Boyden chambers in a 24-well plate, which were then seeded with Daoy cells that were stimulated with 1000 ng/mL of epidermal growth factor (EGF), previously shown to be a chemoattractant for these cells. 40, 41 For labeling the cells, old media from the Boyden chambers were removed and replaced with 100 mL of fresh complete culture medium.
Samples were treated with 10 mL of the 12 mM MTT stock solution and incubated for 2-4 h. After incubation, samples were treated with 100 mL of the SDS-HCl solution and incubated for 4-18 h, and the absorbance was then read at 570 nm in a 96-well plate. To correct for background absorbance, measurements from culture medium-containing MTT and SDS-HCl solutions were subtracted from those for the experimental samples. Analysis was performed at three time points (24, 48 , and 72 h), and each experiment was done in triplicate. CTRL consisted of Daoy cells seeded on tissueculture polystyrene.
Spectro analysis
A Zeiss Axio Observer inverted microscope was used to compile digital sections (i.e. z-stacks) of the CMC hydrogels seeded with cells in a 24-well plate after 72 h. Prior to seeding, the cells were stained with a cell membrane dye, CellTracker TM Green CMFDA (Invitrogen), for 45 min in a 15 mM dye solution followed by a 30-min incubation step in pre-warmed complete DMEM medium. Only data for 3 days were shown in order to provide quantitative metrics for CellTracker.
Various positions on the hydrogel were selected. Slices of images were captured for each position at 5.44 -mm intervals through the depth of the hydrogel. The number of images obtained depended on the height of the z-stack analysis. Representative serial sections were used to display cells on different focal planes within the gel.
Immunocytochemistry (ICC) staining
Samples were prepared in a four-well confocal plate with coatings of either C-1 (2 mg/mL) LN (1 mg/mL), MGL (100 mg/mL), or CMC (2% w/v). CTRL cells were plated directly onto confocal plates. Cells were seeded at a density of 5000 cells in 500 mL and incubated on substrates for $2 h. The culture medium was then aspirated, and the samples were rinsed with PBS and fixed with 2-4% formalin for 10 min. Prior to staining, specimens were rinsed, permeabilized with 0.1% Triton-X in PBS for 10 min, and incubated for 60 min in 1% blocking solution (PBSA). After incubation, the samples were washed with 1% PBS-BSA solution, exposed to 5 mg/mL of a v b 3 antibody (Millipore, MAB1976X, Billerica, MA), and incubated overnight at 4 C. The samples were then washed with PBS and incubated in Hoechst 33342 nuclear dye for 25 min.
Confocal imaging via Zeiss LSM 710 microscope was utilized to visualize the integrin expression by cells seeded on each matrix. Integrin expression was quantified by measuring the staining intensity of individual cells using NIH-approved Image J software. The mean integrin expression was obtained for a sample group of n ¼ 4 for C-1, LN, MGL, and CMC.
Statistical analysis
One-way analysis of variance (ANOVA) was performed using Origin (version 7.5) followed by Tukey comparison to identify statistically significant interactions between groups. Each experiment was performed between three and five times by different coauthors. Significance level was set to p < 0.05.
Results
The different biopolymers used as ECM macromolecules for this study were chosen based on their reported abilities to promote cell attachment, growth, and migration.
The changes in average CSI of MB-derived Daoy cells plated on 2D substrates from day 1 to day 3 are shown in Figure 1 were found when Daoy cells were plated on CL10 and CL20 blends. The cells displayed increased elongation upon both CL10 (0.21 AE 0.01) and CL20 (0.25 AE 0.03) ECM macromolecule formulations, which were significantly different from all other groups but not from each other. Last, cells plated on CMC gels displayed the most rounded morphology with a CSI of 0.84 AE 0.13, which was significantly different from all other groups at 1 and 2 days.
Daoy cells were also grown in 3D hydrogels of varying ECM macromolecule composition. The average measured changes in CSI for Daoy cells grown in the 3D matrices are displayed in Figure 2 . No significant differences in CSI values were observed between MGL and CL10 and CL20 blends from day 1 to day 3 (average CSI of 0.587 AE 0.028). The average CSI of cells within C-1 3D gels (average CSI of 0.368 AE 0.042) was significantly less than that of MGL, CL10, CL20, and CMC matrices. The CSI of cells within CMC gels was the highest of those measured (average of 0.863 AE 0.01), indicating that the cells were most rounded. The image in Figure 2 (c) illustrates the rounded morphology of Daoy cells in 3D CMC hydrogels in contrast to the more elongated cells on C-1 matrices (Figure 2(b) ).
The Daoy-cell chemotactic migration toward EGF was also assessed in the 3D matrices. Figure 3 displays the numbers of cells that migrated through the 3D ECM macromolecule materials after 24 and 48 h. As shown, Daoy cells migrated in largest numbers through ECM macromolecules composed of MGL at both time points, whereas Daoy-cell migration within CL10 and CL20 blends resulted in similar numbers. Cell migration within C-1 gels resulted in the lowest number of cells at both time intervals, which was significantly less than all other culture conditions at each time point. No cells were seen to migrate through CMC gels.
An MTT cell-proliferation assay was used to confirm the viability of cells within CMC gels over 3 days. Cells were seeded onto CMC hydrogels and cultured with or without EGF (Figure 4 ). Cells exposed to EGF grew continuously on the CMC hydrogels, with MTT absorbance values significantly greater at day 3 in comparison to day 1. Conversely, there was no statistically significant difference in absorbance measurements between days 1 and 3 for cells not exposed to EGF. CTRL on tissue-culture polystyrene displayed the highest level of cell growth. Spectral analysis of 3D CMC hydrogels was performed to measure the average penetration depth within the matrix at different time intervals. Figure 5 shows the cells in different planes within a representative CMC hydrogel approximately 550 mm in thickness.
Immunocytochemistry was carried out to examine the different expression levels of the a v b 3 surface integrin believed to be important for Daoy-cell migration upon ECM macromolecules ( Figure 6 (a) to (e)). Figure 6 (f) shows the average a v b 3 expression for cells plated on MGL, C-1, CMC, LN, and CTRL. MGL is seen to promote the highest level of integrin expression, followed by C-1. CMC and LN exhibit similar levels of integrin expression, much lower than that of the other matrix macromolecules.
Discussion
The migration of cells from pediatric brain tumors has been largely understudied despite their high-tumor metastatic potential and aggressive invasion into healthy brain. 14 
While interactions between cells and ECM macromolecules have been widely investigated, the migrational behavior of Daoy cells within synthetic hydrogels is unknown.
This work examined the use of a novel CMC biomaterial for in vitro study of Daoy motility and chemotaxis. Although numerous ECM macromolecules have been used in the last decade to examine cell migration in vitro, it is well known that many of the proteins used can themselves stimulate migration via interactions with cell-surface receptors. 44, 45 Such ECM macromolecule-induced migration limits the usefulness of in vitro testing of anti-migratory therapies and pharmacological agents and has contributed to diminished interest in anti-migratory targets in MB.
CMC is a negatively charged, largely inert biomaterial known for its application in dermal fillers and for oral drug-delivery vehicles. [46] [47] [48] CMC was chosen since it was thought to provide an anchorage-free microenvironment similar to that experienced by Daoy cells in vivo. Also, the 3D anionic CMC matrix is analogous to that provided by the negatively charged proteoglycans abundant in brain tissue. 49, 50 Moreover, CMC does not contain soluble growth factors or adhesive ligands present in the native MB environment, thereby enabling more controlled testing of MB chemotactic pathways and cell responses.
The first set of experiments was conducted to quantitatively describe how Daoy-cell shape is affected by seven of the most commonly used substrates in studies of CNS-derived cells: C-1, LN, CL10 and CL20 blends, MGL, FN, and PDL. As illustrated in Figures 1 and  2 , the CSI was used as a measure of the roundness of Daoy cells on 2D and within 3D matrix environments. This was employed because cells with more elongated morphological characteristics are believed to possess a readiness to migrate, while cells with a more rounded shape are considered to be less predisposed to motility. 14, 51, 52 However, such elongated morphology in our case would equate to ECM macromoleculedriven crawling or haptotaxis, which is integrin mediated. A ''haptotaxis-neutral'' biomaterial was purposely selected in order to develop an in vitro platform with which to examine chemotactic behaviors. Specifically, it was of interest to determine how such cell chemotaxis can be directed by external concentration profiles generated via pharmacological treatment and/or therapies. As CMC showed the most promise of maintaining a rounded cell shape, the next set of experiments examined growth factor-induced chemotaxis (using EGF) within a 3D microenvironment created using CMC.
Results of transwell migration assays in Figure 3 illustrated that virtually all of the other ECM macromolecules tested were more conducive to EGF-induced migration, as zero cells were seen to migrate through the thick gel generated using CMC. However, closer inspection revealed that Daoy cells did indeed survive and migrate within CMC gels for several days, with and without EGF stimulation, as seen in Figure 4 . Data in Figure 5 demonstrated that Daoy cells were not measured in transwell assays because the cells migrated distances less than the thickness of the CMC gel used in conjunction with the migration membrane. This result was encouraging, as Daoy cells in vivo are not expected to migrate in large numbers over short times.
The mechanism of Daoy cell interaction with the CMC gels was then examined by analyzing the expression of a v b 3 integrin, which is known to be critical to MB mobility in vitro and in vivo. 44, 53, 54 As expected, MGL exhibited the highest integrin expression, given its rich environment of growth factors, followed by C-1 and CTRL. However, Daoy cells exhibited the same level of a v b 3 expression upon CMC surfaces as they did upon surfaces of LN, which is ubiquitous in the study of CNS-derived cells because of the protein's prominence in the brain. 44, [55] [56] [57] Similar levels of a v b 3 expression between these two matrices were surprising, as it suggests that Daoy cells engage CMC gels in a manner similar to the highly studied LN.
Nevertheless, previous work examining spontaneous metastasis of breast tumors to bone has reported that tumor-specific a v b 3 integrins mediate chemotactic migration of mammary carcinoma cells in response to bone-derived soluble factors. 58 a v b 3 integrins may play a similar role in MB metastasis. Future studies with neutralizing antibodies to a v b 3 could help elucidate the role of this specific integrin in MB-derived Daoycell chemotaxis.
Conclusions
Taken together, these findings demonstrate that CMC hydrogels allow for minimal spreading and associated haptotactic migration by Daoy cells, which are conducive to mechanistic studies of cellular chemotactic behavior. Detailed knowledge of cell-ECM interactions is important for understanding the mechanisms by which cells are regulated by microenvironmental cues. As such, this CMC hydrogel system may serve as an effective tool to gain insight into specific tumor-cell metastatic processes mediated by soluble signaling factors.
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